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Abstract
There is great concern in the adverse health implications of engineered nanoparticles. However, 
there are many circumstances where the production of incidental nanoparticles, i.e., nanoparticles 
unintentionally generated as a side product of some anthropogenic process, is of even greater 
concern. In this study, metal-based incidental nanoparticles were measured in two occupational 
settings: a machining center and a foundry. On-site characterization of substrate-deposited 
incidental nanoparticles using a field-portable X-ray fluorescence provided some insights into the 
chemical characteristics of these metal-containing particles. The same substrates were then used to 
carry out further off-site analysis including single particle analysis using scanning electron 
microscopy and energy-dispersive X-ray spectroscopy. Between the two sites, there were 
similarities in the size and composition of the incidental nanoparticles as well as in the 
agglomeration and coagulation behavior of nanoparticles. In particular, incidental nanoparticles 
were identified in two forms: sub-micrometer fractal-like agglomerates from activities such as 
welding and super-micrometer particles with incidental nanoparticles coagulated to their surface, 
herein referenced as nanoparticle collectors. These agglomerates will affect deposition and 
transport inside the respiratory system of the respirable incidental nanoparticles and the 
corresponding health implications. The studies of incidental nanoparticles generated in 
occupational settings lay the groundwork on which occupational health and safety protocols 
should be built.
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INTRODUCTION
The health implications of engineered nanoparticles (ENPs) have been discussed for over a 
decade in the environmental health and safety (EHS) field.(1) Efforts to develop a framework 
for evaluating EHS implications of ENPs and the corresponding risk assessments are 
currently in progress.(2–4) These risk assessments are usually based on property-driven or 
functional assay-rooted approaches that consider changes in the properties of nanoparticles 
(NPs) under relevant environmental conditions.(5) However, these approaches are difficult to 
apply to incidental nanoparticles (INPs) – nanoparticles unintentionally generated as a side 
product of anthropogenic processes – because they are often poorly characterized.
In recent years, there has been great interest in assessing the concentrations of nanoparticles 
to which workers are exposed during ENP production and product development.(6, 7) Such 
studies have resulted in correlations between higher concentrations with specific work 
activities(8, 9) and enabled the development of methodologies to better assess ENPs in the 
workplace.(10–12) This work has undoubtedly helped to improve the occupational safety in 
nanotechnology industries.(13) However, the INPs generated in many occupations are not 
fully understood. Welding is one of the processes that generate high levels of INPs that are 
known to contain mostly iron (Fe) and manganese (Mn) oxides, among many other metals.
(14)
 These particles are of great interest in terms of the health implications for welders due to 
the toxicity of Mn even at low levels of exposure.(15) Other activities, such as smelting(16, 17) 
or surface treatment,(18) have been reported to generate significant quantities of aluminum 
(Al) containing INPs. In general, any industrial process that involves combustion or 
generation of metal fumes likely produce INPs.(19–21) It is therefore important to understand 
the nature of these INPs.
The health implications of airborne nanoparticles are not a new concern. For decades, 
epidemiological studies have associated particulate matter (PM) in air pollution with 
increases in mortality and the frequency of cardiovascular,(22–25) pulmonary,(26, 27) and 
neurological diseases.(28–30) Despite the fact that mechanisms by which PM causes adverse 
health effects have not been fully elucidated, several studies have linked them to the ability 
to trigger oxidative stress.(23, 25, 31) Stronger associations of PM exposure with adverse 
health effects have been found for ultrafine particles, i.e., nanoparticles in the ambient 
environment, rather than larger micron-sized particles.(24) This finding may be due in part to 
the fact that ultrafine particles possess a higher content of transition metals and organics than 
larger particles, making them prone to generate reactive oxygen species (ROS).(25, 32) 
Furthermore, ultrafine particles are usually generated by anthropogenic sources such as 
power plants, car exhausts, combustion, mining, and other industrial sources.(30)
Recently, Maher et al.(33) observed anthropological magnetite nanoparticles, generated by 
combustion, in the brains of humans from Mexico and England. This study confirms that 
nanoparticles can translocate from the respiratory tract to accumulate in the brain after 
inhalation, a hypothesis once solely based on results of experiments in mice.(34–36) 
Moreover, sufficient accumulation occurs even at relatively low PM concentrations (with 
peak values for roadside dust at ~40 μg/m3) that can result in a neurodegenerative disease.
(33)
 This finding motivated a thorough characterization of ultrafine particles, which have 
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shown elevated concentrations of transition metals.(37–40) These studies become really 
relevant considering magnetic INPs found in the brain contained traces of other transition 
metals including nickel (Ni), platinum (Pt), cobalt (Co) and possibly copper (Cu).(33)
Detailed size and composition characterization of INPs is required to better understand their 
potential implications. Off-site measurement techniques usually provide more detailed 
information about size and composition including lower detection and quantification limits; 
however, the implementation of on-site techniques not only decreases the time and cost of 
characterization compared to off-site analyses. Typical off-site analyses involve gravimetric 
analysis or digestion of samples deposited onto substrates.(41) These samples are collected 
on-site by aspirating a known volume of air through a substrate, in order to collect enough 
particle mass for further analyses. While methods for measuring particle concentrations and 
size distribution on-site are well established,(42) more detailed chemical analysis, including 
elemental analysis, on-site remains challenging. A rapid method to measure on-site the mass 
concentration of metal-containing PM by size and composition from 10 nm to 10 μm was 
recently reported.(43) This method uses a nano micro-orifice uniform-deposit impactor 
(nano-MOUDI) to collect and separate particles by size and a field-portable x-ray 
fluorescence (FP-XRF) to measure metal concentrations. By using this non-destructive 
technique, the nano-MOUDI substrates can be used further for single particle analysis, 
including scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy 
(EDS). A previous study demonstrated that single particle analysis can be used to distinguish 
airborne engineered nanomaterials from incidental particles.(44)
The present study aims to characterize and compare the composition, size and morphology 
of PM smaller than 10μm, with a special interest on the INPs generated in two occupational 
settings. These sites were selected due to the significant concentration of Fe, Mn and Cu 
found during a recent assessment of INPs exposure levels.(45) A FP-XRF was employed for 
on-site chemical characterization of metal-containing aerosol.(43) An off-site single-particle 
analysis was then performed to characterize primary particle morphology, composition and 
agglomerate status of INPs found in these two settings. Implications of these findings and 
potential health effects are discussed.
METHODS
Test Sites and Sampling Equipment
A heavy vehicle machining and assembly center and an iron foundry were selected based on 
the similarities in the composition of particulate matter: Fe, Cu and Mn that were detected in 
a preliminary study at both sites.(45) The machining center produces construction and 
forestry equipment. Metal and metal oxide PM including nanoparticles were generated by 
robotic and manual metal inert gas (MIG) welding as well as metal parts grinding at this site. 
The foundry manufactures ductile iron and grey iron metal parts, where PM monitoring was 
carried out during metal melting, metal pouring and grinding operations. In both locations, 
sampling was performed during three days using a field sampling cart placed in multiple 
areas of interest as described in detail previously.(45)
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Size-resolved analysis of the INPs was carried out using the nano-MOUDI (Model 125-R, 
MSP Corporation, Shoreview, MN). The nano-MOUDI was operated at 10 L/min with 13 
greased polycarbonate (PC) substrates (0.2 μm, 47 mm, Sterlitech Corporation, Kent, WA) 
as previously reported.(45) A mixed cellulose ester (MCE) filter (0.8 μm, 47 mm, Zefon 
International, Inc., Ocala, FL) was used as a backup filter in the last nano-MOUDI stage. 
Table S1 (see online supplemental information) shows the particle size ranges that each 
stage collects. Particles were collected onto transmission electron microscopy (TEM) grids 
(200-mesh carbon coated Ni grid, 01840N-F, Ted Pella Inc., CA) with an electrostatic 
precipitator (ESPnano model 100, DASH Connector Technology, Inc., WA).
For the machining center, sampling was carried out 6 h/day on average. Day 1 sampling 
occurred near a robotic welding area, Day 2 sampling was near a manual welding and 
grinding areas, and Day 3 sampling was between the manual and robotic welding areas. For 
both types of welding, an ER70S-3 wire was used; the material safety data sheet (MSDS) 
reports elemental concentrations of 95.31% Fe, 1.85% Mn, 0.5% Cu, 0.15% C, 1.15% Si, 
0.035% S, 0.025% P, 0.15% Ni, 0.15% Cr, 0.03% V, 0.15% Mo. In the foundry, sampling 
was carried out 8 h/day on average. The field measurement cart was positioned in the 
grinding area on Day 1, and in the hot metal melting/pouring area for days 2 and 3. Ductile 
iron was produced on the first two days, while grey iron was produced on the third day. 
Although exact alloy compositions were proprietary information, the alloys met 
specifications for American Society for Testing and Materials (ASTM) grey iron and ductile 
iron designations. With Fe as the matrix, base composition for grey iron may range from 3.0 
to 3.5% C, 0.6 to 0.9% Mn, 1.3 to 1.8% Si, together with relatively minor components of P 
and S. Ductile iron base composition is expected to range from 3.0 to 4.0% C, 0.1 to 1.0% 
Mn, 1.8 to 3.0% Si, with also P and S as relatively minor components.
Elemental Analysis
Nano-MOUDI substrates were measured on-site using a FP-XRF analyzer (Niton XL3t 
Ultra, Thermo Scientific, Waltham, MA) to determine metal composition and concentration 
in each stage as recently reported.(43) The FP-XRF thin-film (standard filter) mode was used 
to measure Mn, Fe, Cu and Zn in units of μg/cm2. Results were then converted to mass 
concentration considering the volume of air passed through the nano-MOUDI and sampling 
area of each substrate. The results herein presented are metal concentrations only; total mass 
concentrations were not calculated as the specific chemical formulas were not determined.
During the off-site analysis, nano-MOUDI substrates were digested separately using a 
Microwave Reaction System (MARS 6, CEM Corporation, Matthews, NC) following the 
NIOSH method 7302.(41) After digestion, the samples were diluted with milliQ water to 2% 
HNO3 solutions. Inductively coupled plasma-mass spectrometry (ICP-MS; iCAP RQ ICP-
MS, Thermo Fisher Scientific, MA) analysis was carried out for more than 45 metals present 
in Complete Standard Solution 71A and Refractory Elements Standard Solution 71B, using 
an Internal Standard Solution 71D. All solutions are National Institute of Standards and 
Technology (NIST) certified reference materials purchased from Inorganic Ventures 
(Christiansburg, VA). Standards were diluted with 2% HNO3 (Trace Metal Grade, Fisher 
Scientific LLC, Pittsburgh, PA) to concentrations between 0.5 and 500 μg/L from which a 
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calibration curve was generated. Table S2 shows the Limit of Detection (LOD) and Limit of 
Quantification (LOQ) for the metals observed in higher concentration in the PC and MCE 
filters for both ICP-MS and FP-XRF. LOD was determined as 3σ above the mean blank 
signal, where σ represents the standard deviation of the blank signal. LOQ was calculated as 
mean blank signal plus 10σ.
Electron Microscopy Analysis
Particles collected on TEM grids were imaged by TEM (JEOL-1230, JEOL Ltd., Japan) and 
images were analyzed by ImageJ software (version 1.50i, NIH, Bethesda, MD, USA). PC 
substrates from nano-MOUDI Stages 3, 5, 7, 9 and 11 collected during Day 1 at the 
machining center site and during Day 2 at the foundry site were analyzed by SEM. In order 
to minimize charging effects, the PC substrates were coated with Iridium (K575X Sputter 
Coater, Quorum Technologies Ltd, UK) for 7 seconds with an 85 mA deposition current 
prior to the analysis. A Field Emission Scanning Electron Microscope FE-SEM (Zeiss 
Sigma 500, Carl Zeiss, Germany) was used for morphology characterization. An Apreo 
SEM (Thermo Scientific, Oregon, USA) was used for EDS analysis. EDS analysis was 
performed with Pathfinder X-ray microanalysis software (Thermo Scientific, USA).
RESULTS
On-site Versus Off-site Chemical Characterization
Fe, Mn and Cu were found in substantial concentrations during three days of analysis at both 
sites. A comparison between size-dependent concentration distributions detected by ICP-MS 
and FP-XRF for the machining center (Day 1) and the foundry (Day 2) are shown in Figure 
1. These days were selected for comparison because higher concentrations of metals were 
detected in the nanosize range in comparison with the concentrations during the other two 
days. Similar results were obtained for both techniques on different days and are shown for 
in Figures S1 and S2 for the machining center and foundry, respectively.
In the case of the machining center (Figure 1a), the distribution shapes of the three metals 
were for the most part similar with both methods, FP-XRF or ICP-MS. Only minor 
differences were noticed between the techniques. One of the differences is that ICP-MS has 
greater sensitivity for Mn. In the case of Cu, the discrepancies observed in the distributions 
are because the concentrations are near the quantification limit of FP-XRF technique (Table 
S2).
For the foundry (Figure 1b), when metals are present in concentrations higher than the LOQ, 
there is a good agreement in the reported concentration by both techniques. However, some 
of the biggest discrepancies observed in Fe and Mn are in the first three stages, where the 
larger particles are deposited. One possible explanation for the lower concentrations 
measured by ICP-MS is that there was a loss of PM during sample handling and sample 
transport; which can be more significant for these stages where larger amounts were 
deposited at the foundry compared to other stages. In addition, Cu was not detected by FP-
XRF in the stages where ICP-MS sees high concentrations of Cu. The Cu concentrations 
measured by ICP-MS are lower than the LOQ of FP-XRF. The high LOD and LOQ for Cu 
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using FP-XRF (Table S2) are due to the detection of Cu in the PC substrates and the 
significant contribution from the holder.(43) Nonetheless, the shape of the distributions and 
the reported concentrations by FP-XRF overall agree with the results from ICP-MS for Fe in 
both sites. This agreement is also observed for Mn and Cu when they are found in 
concentrations higher than the LOQs such as observed in machining center (Figure 1a).
These results suggest that nano-MOUDI followed by FP-XRF analysis is a good initial 
method for fast, on-site characterization of the metals and corresponding concentrations in 
the field and may be used routinely in occupational settings and other indoor environments. 
When required, the LOD limitation of FP-XRF can be overcome by collecting samples for 
longer periods of time. ICP-MS can then be used to confirm FP-XRF results and for the 
analysis of smaller particles where the mass and concentrations are much lower.
Elemental Characterization of Incidental Particles in Two Occupational Settings
Figure 2a show the mass concentrations of Mn, Fe and Cu measured with ICP-MS in the 
machining center. The corresponding percentage of each element as a function of particle 
size is shown in Figure S3a for each day. Bimodal distributions are observed for most plots, 
with the exception of the Fe plot on Day 1 that shows Fe present in particles smaller than 
100 nm (Figure 2a). The distribution between 100 to 1000 nm agrees with what has been 
previously reported for the size distribution of particles in welding fumes.(14) This 
distribution represents the size of the agglomerates of nanoparticles. The second distribution, 
with a peak in the 10μm size range, agrees with bigger particles reported in other studies of 
welding fumes.(46) In general, the distribution shapes of the three elements agree during the 
three days, where the highest concentration is in the nanoparticle-generated distribution 
(100–1000 nm) with the exception of Cu during Day 2. The shift to a bigger size in the 
maximum value for Cu in the nanoparticles and the significant concentration (21%) in the 
substrate with a midpoint near 4.4 μm suggests an additional contribution of Cu. This is a 
reasonable explanation as Day 2 is the only day where the sampling cart was close to an area 
where another activity was occurring (grinding). In addition, the maximum percentage 
concentrations for Mn (17%) and Cu (3%) are in good agreement with the composition of 
the welding wires used at the site. The presence of Fe and Mn in stages that collected the 
smallest particles are observed in Day 1 and suggest that the size of primary particles is less 
than 10 nm. The detection of only Mn in Day 2 and Day 3 in the smallest size range 
suggests that the amount of INPs collected on Day 1 may be lower while total PM 
concentration (222.4 μg/m3) is at least 22% higher than the other two days (181.1 μg/m3 for 
Day 2 and 157.4 μg/m3 for Day 3, Table 1).
A similar analysis was carried out for the foundry samples. In this site, many metal-
generating processes were operating simultaneously, with a substantial proportion of the PM 
larger than the 20 μm upper limit of the sampling. The metal mass concentrations by size 
and sampling day measured with the nano-MOUDI are shown in Figure 2b. The percentage 
of each element in the corresponding substrate is shown in-Figure S3b for each day. 
Compared to the machining center, mass concentrations were substantially higher and 
shifted to larger particle sizes at the foundry. Lower concentrations were also detected in the 
substrates collecting particles smaller than 1 μm. The mass concentrations of sub-
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micrometer particles were substantially lower in the grinding area (Day 1) than in the melt 
and pour areas (Days 2 and 3). Mass concentrations of nanoparticles were only detected 
during Day 2. Measurements in the metal melt and pour area show that the mass 
concentrations of sub-micrometer particles were substantially lower on Day 2 than on Day 3, 
which could relate to the different materials being produced (ductile iron on Day 2 and grey 
iron on Day 3). This explanation is supported by the fact that the metal composition differed 
by day. In the sub-micrometer range during Day 2, Fe relative concentration ranges between 
46% to 70% (Figure S3). This is followed closely by Zn (27–53%), and Mn (1–3%) as a 
minor component. During Day 3, Fe is almost ten times more concentrated than on other 
days. Also, in the sub-micrometer range, Fe is the main component (74–95%) whereas Mn is 
present in a significant concentration as well (2–18%). This is followed closely by Zn (0–
8%); Cu is only a minor component (Figure S3b). The differences in the mass 
concentrations and compositions of sub-micrometer particles between the three days are also 
evident in the respirable and the nanoparticulate matter (NPM) fractions (Table 2) of the 
particulate matter the workers are exposed to. Nanoparticle mass concentrations in the melt 
and pour areas (5.9 μg/m3 for Day 2 and 13.1 μg/m3 for Day 3, Table 2) were more than 
double than those in the grinding area (2.3 μg/m3, Day 1 in Table 2). The composition of the 
melted metal has also an impact in the respirable fractions, which is 40.5 μg/m3 for ductile 
iron on Day 2 and 116.5 μg/m3 for grey iron on Day 3.
Single Particle Analysis of Incidental Particles in Two Occupational Settings
To further characterize the morphology of the particles, five nano-MOUDI stages collected 
during Day 1 at the machining center, were selected for SEM analysis: Stage 3 (3.2 to 5.6 
μm), Stage 5 (1.0 to 1.8 μm), Stage 7 (320 to 560 nm), Stage 9 (100 to 180 nm) and Stage 11 
(32 to 59 nm). However, due to the diminished amount of the nanoparticles little data were 
obtained for Stage 11.
Figure 3a shows SEM images of the Stages 3, 5, 7 and 9. Low magnification images display 
the substrate homogeneity in-Figure S4a. Spherical micron-sized particles are observed on 
Stage 3. These large spherical particles have smaller particles deposited onto their surface. 
Smaller spheres with similar morphology are also observed in Stage 5. The expected sub-
micrometer fractal-like agglomerates densely pack Stages 7 and 9. The shapes of small 
agglomerates are distinguishable in Stage 7 but not in Stage 9, due to the fact that an iridium 
thin film covered a very compact bed of nanoparticles.
For the foundry, Day 2 was selected for imaging due to the detection of metals in the stages 
collecting nanoparticles. Figure S4b shows low magnification SEM images of the Stages 3, 
5, 7 and 9 from iron foundry to display the substrate homogeneity. Highly irregular 
agglomerates are present in stages 3 to 7. Images obtained for Stage 7, where their 
concentration diminishes, show that these agglomerates are partially formed by a few 
hundred nanometers prisms. The images of stages 3 and 5 show that spherical micron-sized 
particles are embedded in a dense layer of irregular agglomerates. In addition, in stages 5 
and 7 few fractal-like agglomerates are observed connecting some distant isolated particles. 
Figure 3b shows higher magnification SEM images to closely observe the morphology of the 
collected particles. Similar to the other site, these micron-sized particles observed in stages 3 
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and 5 have coagulated smaller particles on their surface, which have different shapes and 
sizes. On Stage 7, three kinds of particles are clearly detected: spheres with diameters 
around 150 nm, quasi-spherical nanoparticles with diameters around 30 nm and cubes with 
around 100 nm edges. On Stage 9, like in the previous site, the SEM images provide no 
morphology insights due to the iridium thin layer covering a very compact bed of 
nanoparticles.
To further understand the composition of the samples, SEM/EDS was carried out. Figure 4a 
shows the elemental mapping of some Fe-based micron-sized spheres found in Stage 3. The 
high association of O indicates these particles are Fe (hydroxy-)oxides, which is in 
agreement with previous reports for ambient, super-micrometer Fe-containing spheres 
possible from steel production.(47) The Mn mapping shows higher intensities for the fractal-
like agglomerates located on the surface of the micron-sized spheres. Cu mapping provides 
little information since Cu concentrations detected by the ICP-MS are lower than 1%, which 
is below the detection limit of EDS.(48) Figure S5a shows a similar analysis for the particles 
collected in Stage 7, where large agglomerates (320 to 560 nm) of small nanoparticles are 
collected. In this case, the figure is less clear as the nanoparticles are smaller than the pixel 
size (40 nm), making the analysis less precise. However, key information is provided: i) all 
nanoparticles contain oxygen, ii) even when the Mn and Fe are easiest to be seen in the 
larger agglomerates, the areas with high intensity for each of these elements do not overlay 
and; iii) although Cu mapping is not very clear, there are a few points with high intensity. 
These observations allow the following conclusion: most of the nanoparticles are either Mn, 
Fe or Cu oxides, but are probably not mixed metals oxides.
Figure 4b shows the elemental mapping of particles collected on Stage 3 in the foundry. For 
this stage, micron-sized spheres are seen to be composed of Fe and O whereas Mn, Cu, and 
Zn mappings do not show much signal and suggest their mass concentrations were below the 
limit of detection of EDS.(48) Aluminum is detected for the larger irregular agglomerates. 
This agrees with measured Al detected by ICP-MS (Figure S3b). Mg and Ca were also 
detected. In particular, Ca was observed when high Al was present. The presence of Ca, Al 
and Si (not measured) is possibly related to the use of clay materials for the casting process.
(49)
 MgO seems to be the main component of the micron-sized well-defined prisms, due to 
the presence of only Mg and O in those particles. The detection of Mg can also be attributed 
to clay materials but another source of Mg is as an additive in the preparation of ductile iron.
(50)
 Figure S5b shows similar results for particles collected on Stage 7. Despite the fact that 
some nanoparticles are smaller than the pixel size (40 nm), key information can still be 
obtained: i) most particles are oxides, as O it is observed in all the area where the SEM 
image shows particles; ii) Mn and Cu are not observed as expected from the elemental 
analysis by ICP-MS; iii) Mg is observed in large amount but is present on the agglomerates 
with a smooth surface; iv) Fe is observed when small nanoparticles are observed; and v) Zn 
mapping is not very clear, but there are a few points with high intensity which may indicate 
that some small particles are ZnO.
In general, metal oxide INPs were observed occurring with two distinct and specific 
morphologies: fractal-like agglomerates and NP-collectors, referring to the micron-sized 
spheres decorated with nanoparticles on their surface. The term NP-collector is inspired by 
Gonzalez-Pech et al. Page 8
J Occup Environ Hyg. Author manuscript; available in PMC 2020 March 23.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
the analogous deposition of nanoparticles on grains during their transport through porous 
media.(51) Figure 5 shows both morphologies observed with TEM (top) and SEM (bottom) 
in both sites. In the machining center, fractal-like agglomerates were more common and 
were formed by four kinds of nanoparticles: spherical particles with diameters ~200 nm 
(green arrows), ~50 nm (yellow arrows) and ~10 nm (red arrows); and cubic particles with 
edges ~70 nm edges (blue arrows). This kind of agglomerates is the main component of the 
PM found in the machining center, but the NP-collectors significantly contribute to the 
micron-sized particles. In contrast, in the foundry the fractal-like agglomerates were 
observed in a minor proportion, due to the small amount of mass found for nanoparticles. 
The NP-collector architecture was not only found in micron-sized spheres as shown in the 
top of Figure 5b, but also in ~200 nm particles shown at the bottom. The NP-collector 
architecture is in agreement with what had been modeled for the first stages of coagulation 
in particles where the size distribution is highly polydispersed.(52) However, these 
agglomerates are composed by two size distributions of primary particles. These 
agglomerates will likely follow the self-conserving size distribution observed for other 
aerosols,(53) including the fractal-like agglomerates observed in this work.
DISCUSSION
A recent inhalation exposure study indicated that the sizes of both the agglomerates and the 
primary particles are important in terms of pulmonary effects,(54) but our study suggest that 
composition and morphology of agglomerates might play a role in the route of deposition 
and translocation. Both fractal-like agglomerates and NP-collectors are inhalable particles, 
however the NP-collectors will have different penetration range and mechanism for 
deposition than the fractal-like agglomerates, and therefore, potentially very different 
locations, types, and severities of health effects.
Small micron-sized particles (1–10 μm), such as the NP-collectors, have a high deposition 
efficiency in the nasal area.(55) This is of particular importance as the olfactory route is one 
of the proposed mechanisms for nanoparticle translocation to the brain.(36) Despite that in 
the studies modeling nasal deposition only a few micron-sized particles deposit on the 
olfactory region,(56) the NP-collectors could play an important role in nanoparticles 
translocation to the brain as their surface is enriched with multiple INPs. In addition, the 
translocation is expected to only occur for individual or a few nanoparticles agglomerates; 
which in both cases implies a de-agglomeration process. This de-agglomeration process 
could be promoted by the presence of biomolecules,(57) which are in high concentration and 
of diverse nature in the olfactory mucosa.(58)
On the other hand, the sub-micron fractal-like agglomerates are more likely to reach the 
alveolar region of the lungs. To estimate the deposition of those particles, the NPM criterion 
was developed: it represents the fraction of particles smaller than 300 nm that would deposit 
in the respiratory system of an average adult under light exercise and nose-breathing 
conditions.(59) The NPM criterion, designed to represent deposition of near-spherical 
nanoparticles, can be adjusted for different particle morphologies using an appropriate 
dynamic shape factor.(54) Tables 1 and 2 summarize the total concentrations collected by the 
nano-MOUDI, by element and day, and the corresponding respirable and dynamic NPM 
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fractions for the machining center and the foundry, respectively. A significant proportion of 
the INPs found in the fractal-like agglomerates contribute to the NPM fraction. This means 
that the NPM fraction provides a good estimation of the fractal-like agglomerates that 
deposits in the respiratory system and may better reflect their adverse health effects.
Another important feature to consider is the heterogeneous composition of these 
agglomerates. Our EDS results suggest that both kinds of agglomerates are composed of 
single metal oxide particles; which is explained by the fact that each metal condenses at a 
different temperature.(60) Recent studies have shown that heterogeneous aggregation 
changes the fate of nanoparticles in the environment, as aggregation can change the 
reactivity of the nanoparticles including their ROS generation capabilities and photocatalytic 
properties.(61–63) Furthermore, the presence of Mn in Fe-rich PM has shown to change the 
proportion of the different oxidation states of Fe oxides.(40) This can have a significant effect 
on the inflammatory responses that the agglomerates will generate in the lung as each oxide 
dissolves at different rates.(64, 65) In addition, the transport of the same INPs to different 
parts of the respiratory tract may generate different health effects.(66) For example, ZnO and 
Cu/CuO nanoparticles have shown to dissolve in the lung mostly by macrophage action,
(64, 67)
 but there is no indication that dissolution will occur if transported directly to the brain 
by the olfactory system. Previously, the generation of Fe and Mn nanoparticles was 
simulated to have a close model to characterize the materials and their behavior under 
contact with biological solutions.(65, 68) However, from this study, it is concluded that new 
models that include heterogeneous agglomerates of incidental nanoparticles (Fe-Mn-Cu and 
Fe-Mn-Zn) with both architectures are required to better understand the health implications 
that these incidental nanoparticles will have.
CONCLUSIONS
In this work, an on-site technique to analyze substrates deposited particulate matter recently 
reported on(43) was used successfully for metal analysis in PM characterization. The same 
substrates can then be later used in off-site analysis to obtain more information of the 
collected particles, including morphology using SEM. Two types of agglomerates were 
found: fractal-like agglomerates, typically observed in INPs generating activities such as 
welding, and NP-collectors. Similar NP-collectors were recently observed in factories 
conducting MIG welding(46) and in PM collected from air pollution,(37) which indicates that 
they might be as common as the fractal-like agglomerates and should be studied in detail 
since they transport incidental nanoparticles on their surface.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison of the Fe (left), Mn (middle) and Cu (right) concentrations between on-site and 
off-site nano-MOUDI measurements at the machining center (a) and foundry (b). Fe 
concentrations are really high for a few nano-MOUDI stages, therefore a grid line at 100 
μg/m3 was added to mark a change in the scale dimensions.
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Figure 2. 
Mass concentration of the metals found in the elemental analysis using ICP-MS of each 
digested nano-MOUDI filters during days 1, 2 and 3 at the machining center (a) and foundry 
(b) sites. Fe concentrations are really high for a few nano-MOUDI stages; therefore a grid 
line was added to mark a change in the scale dimensions at 50 μg/m3 and 20 μg/m3 for the 
(a) and (b), respectively.
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Figure 3. 
SEM images of particles found at the machining center and foundry sites for different size 
ranges including for particles collected by the nano-MOUDI stages 3 (3.2–5.6μm), 5 (1–
1.8μm), 7 (320–560nm) and 9 (100–180nm) at the machining center (a) and foundry (b).
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Figure 4. 
SEM-EDS of select micron-sized particles found in the machining center and foundry. SEM 
images are compared to the Fe, O, Mn, and Cu elemental mappings for both sites. Zn, Mg, 
Al and Ca were also found and mapped in the foundry.
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Figure 5. 
TEM (top) and SEM (bottom) images of particles detected at the machining center (a) and 
foundry (b) sites. For both sites, particles with different morphologies are observed 
including spherical and cubic (blue arrows) nanoparticles. At least four populations of 
spherical particle are observed including: very small nanoparticles, less than 10 nm (red 
arrows); small nanoparticles, less than 100 nm (yellow arrows); larger nanoparticles, 
approximately 100nm (green arrows) and very larger particles which are hundreds of 
nanometers in size or micrometers in size (purple arrows).
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Table 1.
Concentrations of metals for total, respirable and NPM fractions of the collected particles in the machining 
center. The concentrations were calculated by adding concentration multiplied by the corresponding fraction 
of each of the nanoMOUDI stages.
Element
Day 1 Day 2 Day 3
Collected, 
μg/m3
Respirable, 
μg/m3
NPM, 
μg/m3
Collected, 
μg/m3
Respirable, 
μg/m3
NPM, 
μg/m3
Collected, 
μg/m3
Respirable, 
μg/m3
NPM, 
μg/m3
Mn 28.9 27.3 7.8 24.7 23.9 6.8 18.4 17.3 4.8
Fe 190.4 159.4 45.1 151.2 135.3 36.9 137.8 112.4 32.1
Cu 3.1 3.0 0.9 5.1 4.4 1.0 1.3 1.2 1.0
Total 222.4 189.8 53.8 181.1 163.6 44.7 157.4 134.9 37.3
NPM = nanoparticulate matter
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Table 2.
Concentrations of metals for total, respirable and NPM fractions of the collected particles in the foundry. The 
concentrations were calculated by adding concentration multiplied by the corresponding fraction of each of the 
nanoMOUDI stages.
Element
Day 1 Day 2 Day 3
Collected, 
μg/m3
Respirable, 
μg/m3
NPM, 
μg/m3
Collected, 
μg/m3
Respirable, 
μg/m3
NPM, 
μg/m3
Collected, 
μg/m3
Respirable, 
μg/m3
NPM, 
μg/m3
Al 7.4 1.5 0.1 14.7 2.6 0.2 14.0 2.1 0.1
Mn 2.3 0.3 0.0 3.6 0.8 0.1 16.1 8.2 1.3
Fe 326.1 35.2 2.2 156.3 29.5 3.2 444.9 101.3 10.9
Cu 0.5 0.0 0.0 0.9 0.7 0.1 1.2 0.6 0.1
Zn 0.3 0.0 0.0 8.8 6.9 2.4 7.4 4.3 0.6
Total 336.6 36.9 2.3 184.3 40.5 5.9 483.6 116.5 13.1
NPM = nanoparticulate matter
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